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H EADS WITH VARIABLE-LENGTH GAPS 

CROSS-REFERENCE TO RELATED APPLICATION 



This application claims the benefit of United States Provisional Patent 
Application Serial No. 60/157,883, filed October 5, 1999. 

FIELD OF THE INVENTION 
This invention relates to magnetic recording heads, and more particularly, 
relates to thin-film longitudinal recording heads for recording at high densities. 

BACKGROUND INFORMATION 
Magnetic hard disk drives incorporating longitudinal recording heads are 
well known. However, conventional longitudinal recording heads suffer from the 
disadvantage that at high recording densities, e.g., exceeding 40 Gbit/in 2 , the track width is 
relatively large. In particular, a track width cannot be defined which is smaller than the 
head track width plus two times the gap length of the head. This limitation results from 
side fringing magnetic fields which spread at a distance on the order of the gap length from 
the both track sides across the track. Decreasing the gap length should reduce this 
characteristic side fringing region. However, as the gap length is decreased, the magnetic 
fields in the region of recording media along the track are also reduced. For example, at a 
50 nm gap length, the maximum in-plane field component at a 10 nm flying height is less 
than 10,000 Oe, assuming a high moment (4ttM s ~ 20 kG) pole tip material is used. This 
field is not sufficient to record transitions clear enough for such high densities. At such 
high densities recording media are expected to have dynamic coercivity above 5,000 Oe, 
and approximately two times the coercivity is required to record sufficiently defined 
transitions. Therefore, there is a trade-off in decreasing the gap length. 

The trade-off optimization indicates that the smallest gap length at which the 
maximum areal density can be achieved using a conventional longitudinal recording head 
ring structure is approximately 50 nm. Therefore, the smallest track width that can be 
achieved is approximately 50 nm + 2 x 50 nm = 150 nm. Taking into account 20 percent 
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for the track misregistration, the smallest track pitch is approximately 180 nm. Assuming a 
2:1 bit cell, the maximum areal density that can be achieved is approximately 40 Gbit/in 2 . 

U.S. Patent No. 5,621,595 to Cohen discloses a magnetic recording head 
with a pinched gap which is said to reduce side fringing magnetic fields in the gap region. 
While the disclosed pinched gap design may reduce side fringing fields, the fields in the 
track region are also reduced significantly, resulting in the inability to record on high 
coercivity media. Furthermore, the pinched gap design is extremely sensitive to write 
currents. 

The present invention has been developed in view of the foregoing, and to 
address other deficiencies of the prior art. 

SUMMARY OF THE INVENTION 

The present invention provides a non-uniform or contoured gap between first 
and second poles of a longitudinal recording head. The gap allows the magnetic field 
strength and profile to be controlled in a manner which concentrates the magnetic flux in 
the gap region. Strong localized magnetic fields are thereby generated in the magnetic 
recording region under the gap. The use of the present non-uniform gap significantly 
increases the data storage densities while avoiding the necessity of making substantial 
modifications to conventional longitudinal recording hpad designs. 

An aspect of the present invention is to provide a longitudinal recording head 
for use with a magnetic recording medium, the longitudinal recording head comprising first 
and second poles, and a non-uniform gap defined by the first and second poles. 

Another aspect of the present invention is to provide a method of making a 
gap between first and second poles of a longitudinal recording head for use with a magnetic 
recording medium. The method includes the steps of providing first and second adjacent 
poles, and creating a cavity between the first and second poles. 

A further aspect of the present invention is to provide a method of storing 
data on a magnetic storage medium. The method includes the steps of providing 
magnetically permeable first and second poles defining a gap therebetween, providing a 
magnetic storage medium adjacent the first and second poles, and concentrating magnetic 
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flux between the first and second poles in the vicinity of the gap to produce a localized 
magnetic field in the magnetic storage medium. 

These and other aspects of the present invention will be more apparent from 
the following description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a top view of a typical computer hard disk drive for which the 
present invention may be used, illustrating the disk drive with its upper housing portion 
removed. 

Fig. 2 is a partially schematic bottom view of a conventional longitudinal 
recording head having a uniform gap. 

Fig. 3 is a partially schematic bottom view of a conventional longitudinal 
recording head having a uniform gap with side shields. 

Fig. 4 is a partially schematic bottom view of a longitudinal recording head 
including a non-uniform gap in the form of a cavity in accordance with an embodiment of 
the present invention. 

Fig. 5 is a graph of magnetic field strength across the track width for 
conventional uniform-gap recording heads and a non-uniform gap recording head in 
accordance with an embodiment of the present invention. 

Figs. 6a and 6b are partially schematic side and bottom views, respectively, 
of a conventional longitudinal recording head having a uniform gap. 

Figs. 7a and 7b are partially schematic side and bottom views, respectively, 
of a longitudinal recording head having a non-uniform gap in the form of an ellipsoidal 
cavity in accordance with an embodiment of the present invention. 

Figs. 8a and 8b are partially schematic side and bottom views, respectively, 
of a longitudinal recording head having a non-uniform gap in the form of a partially 
ellipsoidal cavity having inwardly curved sidewalls in accordance with another embodiment 
of the present invention. 

Fig. 9 is a graph of magnetic field strength across the track width for a 
longitudinal recording head having a non-uniform gap in accordance with an embodiment 
of the present invention. 



WO 01/26097 



PCT/USOO/27356 



Figs. 10a and 10b are partially schematic bottom views illustrating 
fabrication steps for producing a non-uniform gap in a longitudinal recording head in 
accordance with an embodiment of the present invention. 

Fig. 11 is a partially schematic side sectional view of a focused ion beam 
direct etching apparatus used to produce a longitudinal recording head in accordance with 
an embodiment of the present invention. 

Fig. 12 is a photomicrograph of a longitudinal recording head including a 
non-uniform gap in the form of a cavity between the pole heads in accordance with an 
embodiment of the present invention. 

DETAILED DESCRIPTION 
The invention is described in relation to presently known longitudinal 
recording heads used with a hard disk drive 10 for computers, one of which is illustrated in 
Fig. 1. As used herein, "recording head" means a head adapted for read and/or write 
operations. The hard disk drive 10 includes a housing 12 (with the upper portion removed 
and the lower portion visible in this view for maximum clarity) dimensioned and configured 
to contain and locate the various components of the disk drive 10. The disk drive 10 
includes a spindle motor 14 for rotating at least one magnetic storage medium 16 within the 
housing, in this case a magnetic disk. At least one arm 18 is contained within the housing 
12, with each arm 18 having a first end 20 with a longitudinal recording head 22, and a 
second end 24 pivotally mounted to a bearing 26. An actuator motor 28, such as a movable 
coil DC motor, is located at the arm's second end 24, pivoting the arm 18 to position the 
head 22 over a desired sector of the disk 16. The actuator motor 28 is regulated by a 
controller which is not shown, and which is well known. 

Writing is accomplished by rotating the disk 16 relative to recording head 22 
so that the recording head 22 is located above the appropriate sectors of tracks on the disk 
16. Reading from the disk 16 may be accomplished either using the same head 22, or with 
a separate read head adjacent to the write head 22. If the individual magnetic fields are too 
close to each other within the magnetic layer of the disk 16, writing to the magnetic storage 
medium will affect not only the desired location on the disk, but also neighboring locations. 
Therefore, maximizing flux density within a desired section of a track while minimizing 
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flux density within neighboring sections, permits the tracks to be smaller, thereby 
permitting a greater number of tracks within a disk, and allowing the disk to store 
additional information. Additionally, concentrating the flux density within only the track 
directly below the recording head 22 will permit the same flux density within the track to 
be achieved by a lower power level. Alternatively, concentrating the magnetic flux will 
increase flux density at the same power level, thereby permitting a track to be magnetically 
harder (have a higher coercivity) at the same power level. 

A conventional longitudinal recording ring head 30 having first and second 
poles 31 and 32 defining a uniform gap 34 is shown in Fig. 2. The gap 34 has a uniform 
length L across the track width W. One suggested approach for reducing side fringing 
fields generated by the conventional head 30 of Fig. 2 is to create side shields in the gap 
region, as shown in Fig. 3. The head 40 of Fig. 3 includes first and second poles 41 and 
42 which define a gap 44 that has a uniform length L across the track width W. Side 
shields 46a and 46b are provided across the gap 44. With the side shields 46a and 46b, the 
magnetic flux tends to flow through the shielded regions, thereby reducing the side fringing 
fields. 

In-plane fields, calculated using a 3D boundary element field solver, 
Amperes, for the regular and the shielded heads shown in Figs. 2 and 3 at the saturation 
point are shown in Fig. 5. It can be seen that although the side fringing fields are reduced 
in the head of Fig. 3, the fields in the track region are also reduced significantly, 
preventing recording on high coercivity media. The cause of this significant reduction is 
the existence of a path for the flux flow in the gap region. 

A disadvantage of the pinched gap or side shield design shown in Fig. 3 is 
that the pinched gap has an abrupt or discontinuous reduction to zero of the gap length at 
the sides. As a result, heads of this type are known to have problems of extreme sensitivity 
to write currents. As soon as the write current reaches the saturation value, the sides of the 
pinched gap magnetically saturate. As a result of saturation, the sides become magnetically 
hard, which in turn means that the pinched gap turns into a regular gap effectively without 
any magnetically soft sides. Therefore, to take advantage of the pinched gap head, it is 
necessary to keep the write current exactly at a value just before saturation takes place, 
which puts very stringent requirements on the write current control. Another drawback of 
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the pinched gap design is due to the fact that a significant flux amount flows throught the 
soft sides before saturation. The magnetic flux emanating from the gap region is therefore 
relatively small, resulting in relatively small recording fields. This becomes a critical 
problem for recording at high densities. 

The use of a non-uniform gap in accordance with the present invention 
resolves these critical problems because the gap non-uniformity is relatively continuous 
across the gap. A preferred configuration provides a gap having a varying length 
dimension across the track. Such continuous reduction in the thickness provided by a non- 
uniform gap, unlike the abrupt shield reduction in the square shield configuration shown in 
Fig. 3, allows magnetic flux to concentrate in the region under the gap. As used herein, 
the term "non-uniform gap" includes gap configurations for which the gap length is not 
constant either along the dimension across the track or along the dimension perpendicular to 
the bottom or air bearing surface. 

With the present non-uniform gap design, after the sides saturate, the 
magnetic charges on the inner sides of the gap effectively focus the recording field in the 
region under the gap. The shape of the gap controls the focusing effect. As a result, there 
is no sensitivity to the saturation current. Before the saturation occurs, the field increases 
due to the flux concentration in the gap region due to an easy flux propagation through the 
non-uniform gap sides. After the sides saturate, the field is enhanced in the gap region due 
to the focusing effect by the effective magnetic charges formed on the inner sides of the gap 
during the saturation process. 

Fig. 4 illustrates a longitudinal recording head 50 having a non-uniform gap 
in accordance with an embodiment of the present invention. The head 50 includes first and 
second poles 51 and 52 which are made of magnetically permeable materials such as NiFe, 
FeAIN, FeTaN, CoFe, CoFeB or CoFeN. A generally cylindrical or hemispherical cavity 
54 is provided between the first and second poles 51 and 52. The dimension D of the 
cavity 54 varies across the track width W. The cavity 54 thus defines a non-uniform gap 
between the first and second poles 51 and 52. The magnetic field from the head 50 is not 
only concentrated in the region defined by the head track width W, but is also stronger in 
magnitude than the field emanating from an equivalent conventional ring head. When 
saturated, the non-uniform gap head 50 shown in Fig. 4 is capable of generating very 
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strong in-plane fields, e.g., stronger than 16,000 Oe, as shown in Fig. 5. Also, from Fig. 
5 it can be seen that a head 50 as shown in Fig. 4 with a 50 ran diameter is capable of 
defining a track width of the order of 80 nm (significantly smaller than a 150 nm track 
width defined by the equivalent conventional ring head described above), which is suitable 
for very high recording densities, e.g., greater than 100 Gbit/in 2 areal density. 

In accordance with a preferred embodiment of the present invention, 
desirable field profile and strength are created by varying the gap geometry in the vertical 
direction of the ring (perpendicular to the bottom or air bearing surface) as well as the 
horizontal direction. It should be noted that in conventional designs the gap geometry in 
the vertical direction remains constant from the level of the bottom or air bearing surface to 
the level of the throat height, as illustrated by the conventional head 36 of Figs. 6a and 6b. 
As shown in Figs. 6a and 6b, the first and second poles 37 and 38 define a uniform gap 39. 

In accordance with an embodiment of the present invention, the magnetic 
field profile and strength are controlled by varying the gap region in the vertical direction, 
through the use of a generally ellipsoidal geometry, as shown in Figs 7a and 7b. The head 
56 includes first and second poles 57 and 58 with an ellipsoidal cavity 59 therebetween. 
The ellipsoidal cavity 59 defines a minimum yoke distance M which corresponds to the 
location of maximum flux concentration below the gap 59. 

Figs. 8a and 8b illustrate a head 60 in accordance with another embodiment 
of the present invention. First and second poles 61 and 62 have a contoured cavity 64 
forming a non-uniform gap therebetween. The cavity 64 has an elliptical shape at the lower 
air bearing surface of the head 60, with inwardly curved sidewalls which form a narrow 
hollow tip defining a minimum yoke distance M. The minimum yoke distance M 
corresponds to the location of maximum flux concentration below the gap 64. The 
inwardly curved shape of the pole cavity shown in Figs. 8a and 8b compensates for spacing 
losses. Another advantage of the inwardly curved walls in the generally ellipsoidal cavity 
as shown in Figs. 8a and 8b is to increase the magnetic surface charge. 

Because the gap length is negligibly small or zero, the present yoke structure 
can be saturated at a smaller coil current value than an equivalent conventional ring yoke. 
The smallest cross-sectional area of the yoke M saturates at a smaller current value than the 
rest of the yoke. A yoke geometry can be chosen such that the narrowest yoke cross- 
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section M is located above the position of the pole cavity. As the current value is increased 
above the saturation point, the yoke region around the cavity starts to saturate. Before total 
saturation occurs this region is relatively soft and the magnetic field outside the yoke is 
perpendicular to the surface of the relatively soft pole material. As this region saturates, 
5 the magnetic charge density at the cavity surface reaches its maximum. The concave shape 
of the pole cavity effectively focuses the along-the-track field component in the media 
region. By adjusting the shape of the cavity, the fields can be concentrated in a small 
region of a recording medium. 

The magnetic fields are determined by the surface charge density in the 
10 cavity of the pole. The larger the surface charge is, the larger the field is. In turn, the 
surface charge is proportional to the value of the discontinuity of the magnetization 
component normal to the surface. Hence, geometries such as that shown in Figs. 8a and 8b 
will promote a larger magnetic charge at the cavity because the cavity surface on average is 
more normal to the flux propagation direction, thus increasing the magnetic charge. 
15 A modeled along-the-track field component versus the distance across the 

track is shown in Fig. 9. The maximum field in a localized region of 60nm x 60nm at a 
lOnm flying height is approximately 13,400Oe, corresponding to a storage density of more 
than 200Gbit/in 2 . 

Although generally hemispherical or elliptical gap geometries are primarily 
20 described herein, several other non-uniform gap geometries may be used in longitudinal 
recording heads to improve their performance over conventional longitudinal recording 
heads. Alternative embodiments include gaps having curved or faceted cavities of various 
shapes. For example, the cavity may comprise a cylindrical hole having an axis 
perpendicular to the air bearing surface. Alternatively, the axis of the cylindrical hole may be 

25 parallel with the across-the-track direction of the head. The cross-sectional shapes of such 

cylindrical holes may be circular, ovular, elliptical, triangular, square, rectangular, hexagonal, 
octagonal, etc. The various non-uniform gap geometries of each opposing pole may be 
symmetrical or asymmetrical, e.g., one pole may have a curved cavity and the other pole may 
be flat or may have a cavity of different shape. Any gap cavity having contoured sides 

30 adapted to concentrate at least a portion of the magnetic flux will be advantageous as 

compared to conventional uniform gap longitudinal recording heads. This description and 
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accompanying figures therefore provide only representative examples of the many possible 
gap geometries, not an inclusive list of all that will work. 

Figs. 10a and 10b schematically illustrate fabrication steps for making a 
longitudinal recording head 66. First and second poles 67 and 68 are initially made by 
standard techniques to form adjacent sections, as illustrated in Fig. 10a. As shown in Fig. 
10b, material is removed from portions of the first and second poles 67 and 68 to form a 
cavity 69. In order to make non-uniform gap longitudinal heads of the present invention, 
conventional processes for initially fabricating a longitudinal ring head can be used. The 
initial gap length defined in this process should preferably be close or equal to zero, as 
shown in Fig. 10a. As a second step, a circular hole, e.g., with a 50 nm diameter, can be 
defined using focused ion beam etching from the air bearing surface (ABS), as shown in 
Fig. 10b. Alternatively, the circular hole can be defined at the wafer level. Although a 
generally hemispherical cavity 69 is illustrated in Fig. 10b, any other suitable cavity shape 
may be used which sufficiently concentrates the magnetic flux generated by the head 66. 
Although the widths of the first and second poles 67 and 68 are shown as being equal in 
Figs. 10a and 10b, the poles may alternatively have different widths. 

Preferred methods of manufacturing a longitudinal head recording gap of the 
present invention include focused ion beam direct etching, electron lithography and optical 
lithography, with focused ion beam direct etching being most preferred. An example of a 
focused ion beam direct etching apparatus 72 is illustrated in Fig. 11. Positively charged 
ions of liquid metals, for example gallium, are focused onto the bottom surface of the first 
and second poles 67 and 68 to etch the cavity 69. During the process, ions are generated 
by an ion source 74, passing through a suppressor 76. The ions then proceed through an 
extractor and spray aperture 78, which begins the focusing process. Next, the ions pass 
through at least one lens 80, thereby continuing to focus the ions. A stigmator 82 is placed 
after the first group of lenses 80. The ions then pass through any one of a plurality of 
limiting apertures 84, which may be selected to further narrow the ion beam. After exiting 
the aperture 84, the ions pass through a blanking deflector 86, blanking aperture 88 and 
deflection assembly 90. Lastly, the ions pass through at least one additional lens 80 before 
striking the bottom surface of the first and second poles 67 and 68 to etch the cavity 69. 
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Fig. 12 is a photomicrograph of the bottom or air bearing surface of a 
longitudinal recording head, showing a non-uniform concave gap (depicted by the arrow G) 
between first and second poles PI and P2 of the recording head. The first pole PI is the 
leading pole, and the second pole P2 is the trailing pole. The concave gap is generally 
ellipsoidal in shape with a length of 180 nm measured in the along-the-track horizontal 
direction in Fig. 12, a width of 200 nm measured in the across-the-track horizontal 
direction in Fig. 12, and a depth of 250 nm measured in a vertical direction perpendicular 
to the air bearing surface. When ellipsoidal gaps are used in accordance with the present 
invention, they typically have lengths of from about 50 to about 300 nm, widths of from 
about 50 to about 300 nm, and depths of from about 50 to about 500 nm. 

Defining a non-uniform gap, e.g., a curved cavity, instead of the uniform 
gaps in conventional ring structures provides several advantages. The present invention 
extends the high density potential of conventional longitudinal write head designs by 
forming a non-uniform pole cavity, unlike the two-dimensional gap slits in conventional 
designs. The contoured gap region allows for more flexible control of the magnetic field 
strengths and profiles generated by the recording head. The non-uniform gap geometry 
allows the magnetic flux to concentrate in the gap region, thus causing relatively strong and 
localized fields in the disk region under the gap. This solves the problem of conventional 
ring heads in which the track width is limited by the gap length. Consequently, 
longitudinal recording heads incorporating the present non-uniform gaps can be used at 
densities well beyond 100 Gbit/in 2 , while the maximum density achievable with 
conventional ring heads is approximately 30 Gbit/in 2 . Another advantage of the present 
invention is that the longitudinal recording head does not require a major change of current 
fabrication processes or the introduction of new electronics. 

Whereas particular embodiments of this invention have been described above 
for purposes of illustration, it will be evident to those skilled in the art that numerous 
variations of the details of the present invention may be made without departing from the 
invention as defined in the appended claims. 
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We claim: 

1. A longitudinal recording head (22) for use with a magnetic 
recording medium (16), the longitudinal recording head (22) comprising: 

first and second poles (51, 52) defining a non-uniform gap (54); and 
means for concentrating magnetic flux between the first and second 

poles (51, 52) in the vicinity of the gap-(54) to produce a localized magnetic field in the 

magnetic storage medium (16). 

2. A longitudinal recording head (22) according to Claim 1, wherein 
the non-uniform gap (54) comprises a cavity. 

3 A longitudinal recording head (22) according to Claim 2, wherein 
the cavity is curved. 

4. A longitudinal recording head (22) according to Claim 2, wherein 
the cavity is cylindrical. 

5. A longitudinal recording head (22) according to Claim 2, wherein 
the cavity comprises a substantially ellipsoidal or hemispherical shape. 

6. A longitudinal recording head (22) according to Claim 5, wherein 
the cavity comprises at least one inwardly curved wall (64). 

7. A longitudinal recording head (22) according to Claim 2, wherein 
the cavity has a length of from about 50 to about 300 nm, a width of from about 50 to 
about 300 nm, and a depth of from about 50 to about 500 nm. 

8. A longitudinal recording head (22) for use with a magnetic 
recording medium (16), the longitudinal recording head (22) comprising: 

first and second poles (51, 52); and 

a non-uniform gap (54) defined by the first and secondipoles (51, 

52). 

9. A longitudinal recording head (22) according to Claim 8, wherein 
the non-uniform gap (54) comprises a cavity. 

10 A longitudinal recording head (22) according to Claim 9, wherein 
the cavity is curved. 

11. A longitudinal recording head (22) according to Claim 9, wherein 
the cavity is cylindrical. 

12. A longitudinal recording head (22) according to Claim 9, wherein 
the cavity comprises a substantially ellipsoidal or hemispherical shape. 
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13. A longitudinal recording head (22) according to Claim 12, wherein 
the cavity comprises at least one inwardly curved wall (64). 

14. A longitudinal recording head (22) according to Claim 9, wherein 
the cavity has a length of from about 50 to about 300 nm, a width of from about 50 to 
about 300 nm, and a depth of from about 50 to about 500 nm. 

15. A method of making a gap (54) between first and second poles (51, 
52) of a longitudinal recording head (22) for use with a magnetic recording medium (16), 
the method comprising the steps of: 

providing firsthand second adjacent poles (51, 52); and 
creating a cavity between the first and second poles (51, 52). 

16. The method according to Claim 15, wherein the step of creating a 
cavity is accomplished by removing material from at least one of the first and second poles 
(51,52). 

17. The method according to Claim 15, wherein the step of creating a 
cavity is accomplished using focused ion beam direct etching. 

18. A method according to Claim 15, wherein the cavity is curved. 

19. A method according to Claim 18, wherein the cavity comprises a 
substantially ellipsoidal or hemispherical shape. 
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